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Triblock terpolymers exhibit a rich self-organization behavior including the formation of fasci-
nating cylindrical core-shell structures with a phase separated corona. After crystallization-induced
self-assembly of polystryrene-block -polyethylene-block -poly(methyl methacrylate) triblock terpoly-
mers (abbreviated as SEMs = Styrene-Ethylene-Methacrylates) from solution, worm-like core-shell
micelles with a patchy corona of polystryrene and poly(methyl methacrylate) were observed by
transmission electron microscopy. However, the solution structure is still a matter of debate. Here,
we present a method to distinguish in-situ between a Janus-type (two faced) and a patchy (multiple
compartments) configuration of the corona. To discriminate between both models the scattering
intensity must be determined mainly by one corona compartment. Contrast variation in small-angle
neutron scattering enables us to focus on one compartment of the SEMs. The results validate the
existence of the patchy structure also in solution.
I. INTRODUCTION
Block copolymers exhibit a rich and fascinating self-
assembly behavior in bulk and in selective solvents.1–4 A
lot of the occuring structures are promising for applica-
tions in drug delivery, optoelectronics or as scaffolds for
nanoparticle assembly.5–10 Choosing the block length and
the proper solvent conditions a huge variety of different
structures can be generated.11
Many of the solution-based assemblies can be summa-
rized under the term multicompartment micelles. Similar
to proteins, multicompartment micelles combine differ-
ent physical nano-environments in well-segregated com-
partments and exhibit a rich phase behavior including
remarkably complex self-assemblies. They show a com-
partmentalization either of the core or the corona.12–15
Surface-compartmentalized particles exhibit useful fea-
tures for several applications, e.g., the formation of hi-
erarchically ordered superstructures, the use as poten-
tial scaffolds for the directed incorporation of metal-
lic nanoparticles or as surfactants and emulsifiers.16–20
Regarding corona-compartmentalized structures, Janus
particles16,21 have been formed by template-assisted ap-
proaches while solution self-assembly mostly results in
patchy particles,20,22,23 i.e., structures with more than
two surface compartments. Whereas there are well-
known examples for one-dimensional structures with
compartmentalized cores12 or a Janus-like corona,24,25
the majority of patchy particles are spherical in nature.
Even though theoretical simulations by Binder et al. sug-
gest the existence of one-dimensional nanostructures with
patch-like compartmentalization of the corona,26–28 only
few examples have actually been published. For exam-
ple, Liu et al. produced cylindrical micelles by dialysis of
a triblock terpolymer against selective solvents that are
able to further organize to double and triple helices.30
In recent years, a new way of synthesizing stable
anisotropic particles exploiting block copolymers with
one crystallizable block moved into the focus of sev-
eral research groups.29 Among these, polyferrocenylsi-
lane containing block copolymers have been investigated
most intensively, revealing a multitude of unprecedented
structures, such as block co-micelles, scarf-like micelles
and supramolecular brush layers.31–33 The solution self-
assembly of these crystalline-coil block copolymers is con-
trolled by temperature or by the addition of a non-solvent
for the crystallizable block, which induces crystallization.
Especially, cylindrical or worm-like micelles with high as-
pect ratios have raised interest in bioscience and materi-
als science.29,34
Recently, we have developed the preparation of worm-
like crystalline core micelles with a patchy corona from
semi-crystalline polystyrene-block -polyethylene-block -
poly(methyl methacrylate) (SEM) triblock terpolymers
in organic solvents. Our method provides a straightfor-
ward bottom-up strategy for building up one-dimensional
patchy nanostructures via crystallization-induced self-
assembly. The structure formation is triggered simply by
a decrease in temperature that induces crystallization of
the polyethylene (PE) middle block.35,36 Transmission
electron microscopy revealed that the corona exhibits
a patchy structure made of microphase-separated
2polystyrene (PS) and poly(methyl methacrylate)
(PMMA) enclosing the crystalline PE core. The com-
plexity of surface-compartmentalized nanostructures
complicates the determination of the morphology and
dimensions. Up to now, morphological information is ob-
tained by imaging techniques that usually were applied
to dried samples. To get a deeper insight in dissolved
worm-like crystalline core micelles, scattering methods
such as small-angle neutron scattering are powerful
tools as has been shown for worm-like or Janus-type
structures by Fu¨tterer et al.37 and by Walther et al.,38
respectively. Here, we present the first in-situ shape
sensitive investigation of patchy worm-like micelles from
a SEM triblock terpolymer. To achieve this goal, a
theoretical model for these complex structures is devel-
oped and experimentally verified by small-angle neutron
scattering on patchy worm-like crystalline core micelles
containing deuterated polystyrene blocks (dSEM) at a
selected contrast.
II. EXPERIMENTAL SECTION
A. Synthesis and sample preparation
The dSEM triblock terpolymer was obtained by
catalytic hydrogenation of the corresponding dSBM
(B=poly(1,4-butadiene)) triblock terpolymer precursor
synthesized by sequential anionic polymerization. The
polystyrene block of the precursor was fully deuterated.
The composition of the dSBM precursor is determined
to be S47dB24M
85
29 by a combination of MALDI-TOF and
1H-NMR, which results in S47dE24M
86
29 after hydrogena-
tion (subscripts denote the mass fraction in percent, the
superscript gives the overall molecular weight in kg/mol,
and d indicates that the PS block is fully deuterated).
The formula of the investigated S47dE24M
86
29 can also be
expressed in terms of the number of monomer units and
would read S359dE747M250. Full saturation of the double
bonds was confirmed by 1H-NMR in deuterated toluene
at 65oC. A detailed description of the synthesis of the
SEM terpolymer is given in the literature.35 Micelles of
S47dE24M
86
29 are formed by crystallization induced self-
assembly upon cooling.35 As the polyethylene block in
a 10 g/L solution melts at a peak melting temperature
Tm = 45
oC and crystallizes at Tc = 21
oC, the solutions
for the scattering experiments were prepared as follows:
To eliminate any influence of thermal history, 10 g/L of
the dSEM were dissolved in the corresponding solvent,
e.g., in tetrahydrofuran (THF) or a mixture of proto-
nated and deuterated THF (deuteration degree 99.5%,
Deutero GmbH) at 65oC. After 1 h the solutions were
quenched down to 20oC in a water-bath and equilibrated
for two days.
B. Small angle neutron scattering (SANS)
The SANS data were obtained using the KWS 1 in-
strument at the FRM II in Munich, Germany. The raw
data were corrected for background, solvent and empty
cell scattering by the use of the software provided by the
Ju¨lich Center for Neutron Science (JCNS) at the FRM II.
Absolute intensities were obtained by using a calibrated
reference scatterer. For all data sets, the rate of incoher-
ent scattering caused by the protons was determined at
high scattering vector, set as a constant and subtracted
from the raw data.
C. Transmission electron microscopy (TEM)
For TEM studies the solutions were diluted to 1 g/L.
Samples were prepared by placing a drop of the solu-
tion on a carbon-coated copper grid. After 20 s, excess
solution was removed by blotting with a filter paper.
Subsequently, elastic bright-field TEM was performed
on a Zeiss 922 OMEGA EFTEM (Zeiss NTS GmbH,
Oberkochen, Germany) operated at 200 kV. Staining was
performed with RuO4 vapor for at least 20 min. RuO4
is known to selectively stain PS, which enables to distin-
guish between PS and PMMA domains in the corona of
the micelles.
III. RESULTS AND DISCUSSION
A. TEM micrographs
Recently, the formation of worm-like crystalline core
micelles with a patch-like corona from a polystryrene-
block -polyethylene-block -poly(methyl methacrylate) tri-
block terpolymer was reported.35,36 2D 1H-NMR NOESY
techniques applied to a S39E21M
91.5
40 in toluene pointed
to a micro phase-separation of the corona.35 However,
this technique is not able to distinguish between a Janus-
type (two-faced) or a patchy (multiple PS and PMMA
compartments) configuration of the corona. Hence, the
assumption of a patchy worm-like structure in solution
was based on TEM studies. Fig. 1 shows a TEM micro-
graph of the structures formed by quenching a solution of
S47dE24M
86
29 from 65
oC to 20oC. In order to distinguish
the different compartments in the corona in the dried
state, the PS domains were stained with RuO4. The
TEM micrographs clearly exhibit similar patch-like com-
partments of the corona both in THF (see Fig. 1(a)) and
in deuterated THF (see Fig. 1(b)). Hence, a change in
the corona structure due to isotope effects of the solvent
can be ruled out. In many sections an alternating array
of the PS patches along the core of the worm-like crys-
talline core micelles is observed. THF is a good solvent
for both PS and PMMA and the adopted random-coil
configuration of the chains results in different dimensions
of the hemi-shells. A detailed discussion about TEM and
3FIG. 1. TEM micrographs of the self-assembled structure of
S47dE24M
86
29 (1 g/L) in THF (a) and deuterated THF (b). The
PS domains are stained with RuO4 and therefore visible as
dark gray areas.
cryo-TEM studies on worm-like crystalline core micelles
formed by SEM terpolymers can be found elsewhere.35,36
B. Solution structures as obtained from SANS
Scattering techniques provide knowledge about the so-
lution structure without perturbing the sample. More-
over, in the case of neutron scattering, contrast varia-
tion using deuterated monomers reveals details of the
internal structure in a unique way. SANS data taken at
highest contrast between solvent and solute are used to
explore the shape of the entire species. At intermediate
and low contrast local details of the self-assembled struc-
tures can be detected. The scattering intensities of such
a contrast series can be interpreted by applying models
with appropriate geometry and scattering length density
distribution.38–42
1. Scattering intensity.
SANS determines the scattering intensity I(q) as a
function of the scattering vector q and the concentration
of the dissolved particles. In addition to the coherent
scattering intensity Icoh(q), there is always an incoher-
ent contribution Iincoh that is due to the protons present
in the particles under consideration. The scattering in-
tensity can be written as
I(q) = Icoh(q) + Iincoh . (1)
Note that in the notation the dependence on the concen-
tration of the dissolved particles is suppressed. The q-
independent incoherent contribution Iincoh of individual
particles must be subtracted carefully from experimental
data in order to obtain meaningful results on the struc-
ture and interaction of the dissolved particles.41 Due to
the mesoscopic scale of the particles, the solvent will be
modeled as structureless continuum providing a homoge-
neous scattering length density bsolvent.
In order to take into account particle polydispersity we
consider a multicomponent system involving ν species of
particles with particle numbers NO (1 ≤ O ≤ ν) in the
volume V . Each particle of a species O carries nO scat-
tering units. In the case of the triblock terpolymer mi-
celles under consideration, it proves convenient to assign
an index j (1 ≤ j ≤ nO) to scattering units, and to order
them such that units 1 ≤ j ≤ n
(E)
O belong to the com-
pound PE, n
(E)
O + 1 ≤ j ≤ n
(E)
O + n
(M)
O belong to the
compound PMMA, and n
(E)
O +n
(M)
O +1 ≤ j ≤ nO belong
to the compound PS. The coherent contribution to the
scattering intensity in the ν-component system is given
by
Icoh(q) =
ν∑
O,P=1
IOP (q) , (2)
with the partial scattering intensities
IOP (q) =
1
V
〈
nO∑
j=1
nP∑
k=1
NO∑
α=1
NP∑
γ=1
∆b˜
(α)
jO∆b˜
(γ)
kP e
iq·
(
r
(α)
jO −r
(γ)
kP
)〉
. (3)
Here, r
(α)
jO is the position vector of the j-th scattering unit
of the α-th particle of species O. The difference of the
scattering length of this scattering unit and the average
4scattering length of the solvent is denoted as ∆b˜
(α)
jO , and
〈 〉 denotes an ensemble average. It proves convenient to
decompose the partial scattering intensities according to
IOP (q) = ρOωO(q)δOP + ρOρPhOP (q) , (4)
where
hOP (q) =
V
NONP
〈
nO∑
j=1
nP∑
k=1
NO∑
α=1
NP∑
γ=1
γ 6=α
∆b˜
(α)
jO∆b˜
(γ)
kP e
iq·
(
r
(α)
jO
−r
(γ)
kP
)〉
(5)
is a particle-averaged total correlation function for pairs
of particles of species O and P . The number density of
particles of species O is designated as ρO = NO/V . The
particle-averaged intramolecular correlation function
ωO(q) =
1
NO
〈
nO∑
j=1
nP∑
k=1
NO∑
α=1
∆b˜
(α)
jO∆b˜
(α)
kO e
iq·
(
r
(α)
jO
−r
(α)
kO
)〉
(6)
characterizes the scattering length distribution, and
hence also the geometric shape of particles of species
O. While the particle-averaged intramolecular correla-
tion functions account for the interference of radiation
scattered from different parts of individual particles in a
scattering experiment, the local order in the fluid is char-
acterized by the total correlation functions. For flexible
particles the intramolecular correlation functions depend
on the particle number density and follow from a statis-
tical average over particle configurations. As suggested
by the imaging data (see Fig. 1), the tribock terpoly-
mer micelles may be considered as worm-like core-shell
cylinders with phase-separated shells. In the scattering
vector regime of a SANS experiment both the contour
length and the persistence length cannot be resolved for
rather long and stiff cylindrical particles41,43. As a pre-
requisite for the following analysis we have confirmed
that the scattering intensity of a homogeneous weakly
bendable cylinder with the same configuration as the tri-
block terpolymer micelle shown in the inset of Fig. 1(b) is
nearly indistinguishable from the scattering intensity of
a corresponding homogeneous rigid cylinder in the scat-
tering vector regime accessible by SANS. Hence, only the
scattering intensity of rigid cylinders is considered in the
analysis of the SANS experiments. In the limit of a con-
tinuous distribution of scattering units, the intramolec-
ular correlation function of randomly oriented core-shell
cylinders is given by
ωO(q) =
1
4pi
2π∫
0
dφ
π∫
0
dθ sin θ FO(q, θ, φ)F
⋆
O(q, θ, φ) (7)
with
FO(q, θ, φ) =
L/2∫
−L/2
dz
∞∫
0
dr r
2π∫
0
dφr∆bO(r, φr , z)e
iq·r .
(8)
FIG. 2. Illustrations of two possible architectures of micro
phase-separated shells of cylindrical particles. The cylinders
are characterized by a core-shell structure with a PE core of
radius RE marked in gray and a biphasic PS-PMMA shell
consisting of regions of unlike size and scattering length den-
sities marked in blue and red. In the main text the cylindrical
particles are denoted as Janus cylinders (a) and patchy cylin-
ders (b).
Here, q = q(sin θ cosφ, sin θ sinφ, cos θ) is the scatter-
ing vector described by spherical coordinates and r =
(r cosφr, r sinφr, z) denotes the position vector of a scat-
tering unit of an individual core-shell cylinder described
by cylindrical coordinates. The origin of the coordinates
is taken to be the center of the cylinder of length L and
∆bO(r, φr , z) denotes the scattering length density func-
tion, which specifies the internal structure of an indi-
vidual core-shell cylinder. For the triblock terpolymer
micelles the index O in eqn (2), (4), (7), and (8) allows
one to take into account polydispersity of the scattering
length density function.
2. Janus type and patchy cylinders.
As Fig. 2 illustrates, the cylinders are characterized
by a core-shell structure with a PE core of radius RE
marked in gray and a biphasic PS-PMMA shell consist-
ing of regions of unlike size and scattering length densi-
ties shown in blue and red. Hence the scattering length
density function equals ∆bE , ∆bS , and ∆bM in the re-
gions marked in gray, blue, and red, respectively. More
specifically, two shell patterns will be distinguished. (i)
Fig. 2(a): A Janus-type architecture, i.e., the shell con-
sists of two homogeneous hemi-shells which might have
different or similar extensions (RS and RM ) and unlike
scattering length densities. (ii) Fig. 2(b): The two in-
homogeneous hemi-shells consist of alternating regions
of scattering length densities. Here, DS and DM de-
scribe the lengths of the alternating regions of the so-
called patchy cylinder. Fig. 3(a) displays scattering in-
tensities for noninteracting (hOP (q) = 0) and monodis-
5perse (ν = 1) cylinders of length L = 425.5 nm and radii
RE = 4.3 nm, RM = 15.5 nm, RS = 22.0 nm as calcu-
lated from eqn (1) - (8). The dashed lines show the re-
sults for Janus cylinders (see Fig. 2(a)), while the solid
lines represent the scattering intensities of patchy cylin-
ders (see Fig. 2(b)) with DM = DS = 22.4 nm. All scat-
tering intensities are normalized to the volume fraction
φ = ρO/VO, where VO is the particle volume. Moreover,
the ratio of the scattering length density differences of PS
and PE is ∆bS/∆bE = −0.751, where ∆bE = bsolvent−bE
and bE = −0.34 × 10
10 cm−2 are the scattering length
densities of the solvent and PE, respectively. For com-
parison, three values of the ratio of the scattering length
density differences of PS and PMMA ∆bS/∆bM are con-
sidered, where ∆bS/∆bM = 6.859 (data set in the mid-
dle) corresponds to PS and PMMA in THFH. The scat-
tering intensities shown in Fig. 3(a) have the following
features. They exhibit the q−1 scaling relation (short dot-
ted line) for small scattering vectors which is character-
istic for the linear arrangement of scattering units along
the main axis of a cylinder. For the patchy cylinders
(solid lines), the scattering intensity exhibits a minimum
at q ≈ 0.14 nm−1, while for the Janus cylinders no min-
imum is observed, provided ∆bS/∆bM & 6.859/3. From
the figure it is apparent that the existence or absence
of a minimum of the scattering intensity at intermediate
scattering vectors allows one to distinguish Janus cylin-
ders from patchy cylinders provided the ratio of two scat-
tering length density differences of the biphasic shell is
sufficiently large. In addition we note that the scattering
intensity of a homogeneous cylinder of similar size does
not exhibit a minimum at q ≈ 0.14 nm−1 as is apparent
from the lower dotted line in Fig. 3(a).
In Fig. 3(b) the experimental scattering intensity of
the triblock terpolymer micelles in pure THFH is com-
pared to the calculated results for noninteracting patchy
cylinders. For the morphological study this contrast
condition is well suited due to the fact that the scat-
tering pattern mainly is determined by the deuterated
PS patch of the shell. The model parameters are the
same as for the solid middle line in Fig. 3(a) except of
the lengths of the alternating regions of the shell which
are given by DM = 14.0 nm and DS = 29.0 nm. Hence
we take into account that the size of the PMMA block
(M29) characterized by DM , RM is smaller than the
size of the PS block (S47d) characterized by DS , RS .
The ratio of the size of the three-dimensional patches
DS(R
2
S − R
2
E)/(DM (R
2
M − R
2
E)) = 4.35 is similar to
the cube of the ratio of the mass fractions of the one-
dimensional PS and PMMA chains (47/29)3 = 4.26.
From the figure it is apparent that the experimentally
determined scattering intensity (symbols) exhibits a pro-
nounced minimum at q ≈ 0.14 nm−1 which is character-
istic for a patchy cylinder as discussed above. The de-
viations between the experimental data and the calcu-
lated results (solid line) for intermediate scattering vec-
tors q ∈ [0.03, 0.1] are due to the fact that the PS and
PMMA blocks do not form perfect patchy half-cylinders
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FIG. 3. (a) Comparison of the scattering intensity Icoh(q)/φ
of Janus cylinders (dashed lines, see Fig. 2(a)) with the scat-
tering intensity of patchy cylinders (solid lines, see Fig. 2(b))
with DM = DS = 22.4 nm. The curves have been calculated
according to eqn (1) - (8) with hOP (q) = 0 and ν = 1, i.e.,
for noninteracting and monodisperse cylinders. The remain-
ing model parameters are given by L = 425.5 nm, RE = 4.3
nm, RM = 15.5 nm, RS = 22.0 nm, ∆bS/∆bE = −0.751 and
∆bE = 0.52×10
10 cm−2. Moreover, the ratio of the scattering
length density difference of PS and PMMA decreases from top
to bottom according to ∆bS/∆bM = 6.859 ∗ 3, 6.859, 6.859/3,
where the value 6.859 corresponds to the actual experimental
system discussed in panel (b). In addition the lower dotted
line depicts the scattering intensity of a homogeneous cylinder
with ∆bS/∆bE = ∆bS/∆bM = 1 and RM = RS = 15.5 nm.
For clarity, the upper and lower data sets have been shifted
up and down, respectively, by a factor of 102. (b) Measured
scattering intensity of the triblock terpolymer micelles (10
g/L) in THFH (symbols) together with the calculated results
for noninteracting patchy cylinders (solid line). The model
parameters are the same as for the solid middle line in panel
(a) except of DM = 14.0 nm and DS = 29.0 nm. The short
dotted lines in panels (a) and (b) represent two asymptotic
scaling laws as discussed in the main text.
as is assumed in the model shown in Fig. 2(b). Nev-
ertheless, the combination of Figs. 3(a) and (b) demon-
6strates that patchy triblock terpolymer micelles are in-
deed present in THFH. For comparison we emphasize
that experimentally determined scattering intensities of
Janus cylinders do not exhibit minima at intermediate
scattering vectors in agreement with the calculated re-
sults shown in Fig. 3(a).38
Although eqn (7) and (8) have been derived for a rigid
cylinder of a definite shape illustrated in Fig. 2, in reality
concentration fluctuations of the PS and PMMA polymer
chains contribute to the scattering intensity. On the basis
of our experience with various polymer nanoparticles43–46
we expect that the contribution of the polymer concen-
tration fluctuations becomes important for large scatter-
ing vectors q & 0.3 nm−1. Within a Gaussian approx-
imation the scaling relation Icoh(q) ∼ q
−2 is valid for
large scattering vectors as indicated by the dotted line in
Fig. 3(b). Moreover, we have confirmed that moderate
size polydispersity (e.g., DS = 29.0± 3.0 nm) does not
lead to pronounced changes of the calculated scattering
intensity. Therefore, one may consider a monodisperse
model system as an appropriate approximation.
3. Contrast variation.
Fig. 4(a) displays SANS intensities of the triblock ter-
polymer micelles in different THFD:THFH mixtures cor-
responding to different scattering length densities of the
solvent (symbols). Such a contrast variation allows con-
sistency checks of the theoretical modeling because the
contribution of the three polymers PE, PMMA, and
PS to the scattering intensity depends sensitively on
the scattering length density of the solvent. The fig-
ure demonstrates that varying the scattering length con-
trast leads to marked differences in the scattering inten-
sities. In particular, the minima of the scattering intensi-
ties of the lower two data sets disappear upon increasing
the scattering length density of the solvent (upper three
data sets) due to an increasing contribution of PE to the
scattering intensity. The pronounced minima reflect the
phase-separated shell of patchy cylinders (see Fig. 2(b))
while the homogeneous PE core cylinder does not lead to
a minimum in this scattering vector regime.
The dashed lines in Fig. 4(a) show the calculated re-
sults for noninteracting patchy cylinders using the same
model parameters as in Fig. 3(b). Some features of the
measured scattering intensities such as the disappearance
of the minimum upon increasing the scattering length
density of the solvent are captured by the theoretical ap-
proach. However, the calculated results for noninteract-
ing patchy cylinders and the experimental data deviate
due to interactions between the micelles. The concen-
tration 10 g/L is ten times higher than the one used
for the TEM micrographs shown in Fig. 1. This rather
high polymer concentration was necessary in order to ob-
tain a good signal-to-noise ratio. We emphasize that
neither modeling the cores of the elongated micelles as
one-dimensionally connected objects such as worm-like or
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FIG. 4. (a) Measured scattering intensity Icoh(q)/φ of the
triblock terpolymer micelles at concentration 10 g/L (sym-
bols). The scattering length densities of the solvent increases
from bottom to top (bsolvent = 0.18, 1.36, 3.23, 5.13, 6.32 ×
1010 cm−2) while the corresponding ratios of the scat-
tering length density differences of the micelles are given
by ∆bS/∆bM = 6.859,−19.731,−1.531,−0.337,−0.033 and
∆bS/∆bE = −0.751,−0.187,−0.057,−0.015,−0.002, with
∆bE = bsolvent − bE and bE = −0.34 × 10
10 cm−2. The four
lower scattering intensities are shifted down by a factor of
102, 104, 106, 108, respectively. The dashed lines represent
calculated results for noninteracting (hOP (q) = 0) patchy
cylinders using the same model parameters as in Fig. 3(b).
In the case of the solid lines a contribution of the total corre-
lation function hOP (q) to the scattering intensity is taken into
account. For the lowest scattering length density of the sol-
vent the solid line is nearly indistinguishable from the dashed
line. (b) Comparison of the normalized measured scattering
intensity of the triblock terpolymer micelles at concentration
10 g/L (open circles) with the corresponding data at 40 g/L
(solid squares) in fully deuterated THF (bsolvent = 6.32×10
10
cm−2). The differences between the open and solid symbols
reflect pair correlations between the micelles.
helical-like chains nor taking into account the semicrys-
tallinity of PE47 leads to a peak of the scattering inten-
sities at q ≈ 0.1 nm−1 in the cases of dominating contri-
butions of PE to the scattering intensities (upper three
data sets in Fig. 4(a)). In order to justify the argumen-
7tation based on our additional calculations of various in-
tramolecular correlation functions, we have performed a
scattering experiment for an even higher micelle concen-
tration 40 g/L in fully deuterated THF (solid squares in
Fig. 4(b)). Indeed the observed peak of the scattering
intensity is more pronounced as compared to the one for
10 g/L (open circles in Fig. 4(b)) due to increased inter-
molecular correlations. This interpretation is consistent
with the observation that the 40 g/L sample was rather
viscous whereas the 10 g/L sample exhibited fluid-like
properties. Moreover, a third sample containing 50 g/L
triblock terpolymer micelles formed a free-standing gel in
a simple test tube inversion experiment due to enhanced
intermolecular correlations.
In order to understand the liquid structure in more
detail, the particle-averaged total correlation function
hOP (q) defined in eqn (5) has been calculated using the
polymer reference interaction site integral equation the-
ory (see Ref.48 and references therein). In contrast to
the successful application of this theoretical approach to
various polymer nanoparticles,44–47,49 it was not possi-
ble to achieve such good agreement between the integral
equation theory for the rigid patchy cylinders shown in
Fig. 2(b) and the experimental data sets across the en-
tire q-range and for all scattering length contrasts given
by the symbols in Fig. 4(a). The differences between the
measured and calculated results may be due to a number
of possible factors with the most critical being the model
assumption that the PS and PMMA polymer chains form
a rigid biphasic shell. Due to molecular flexibility, the
contribution to the scattering features from intermolecu-
lar PS and PMMA correlations is less pronounced than
the corresponding one of a rigid biphasic shell.
Having observed that the integral equation theory for
the initial rigid patchy cylinders did not lead to a good
description of all available scattering data, only contri-
butions to the particle-averaged total correlation func-
tion arising from patchy cylinders with an effective radius
Reff = 11.5 nm were considered. The calculated scatter-
ing intensities from this model (solid lines in Fig. 4(a))
are comparable to the experimental data. Notably, little
overall contribution to the scattering features was ob-
served from the total correlation function in the case of
the lowest scattering length density of the solvent (lowest
data set in Fig. 4(a)), due to the presence of both positive
and negative contributions of the compartments of the
triblock terpolymer micelles. The peak at q ≈ 0.1 nm−1
observed for the three upper data sets in Fig. 4(a) can be
interpreted as a sign of intermediate range order with a
characteristic real space distance of 2pi/q ≈ 63 nm. Fu-
ture theoretical work may focus on a detailed understand-
ing of local order in fluids consisting of patchy cylinders.
Finally, we note that the experimentally determined
scattering intensities shown in Fig. 4(a) can be split con-
sistently into three parts according to (see Ref.42 and
references therein)
Icoh(q) =
(
b˜− bsolvent
)2
IS(q) + 2
(
b˜− bsolvent
)
ISI(q)
+ II(q) , (9)
where b˜ ≈ 3.2 × 1010 cm−2 is the average scattering
length density of the triblock terpolymer micelles. The
first term IS(q) is the normalized scattering intensity of
chemically homogeneous micelles, while II(q) is related
to the scattering length inhomogeneity of the triblock
terpolymer micelles. The cross term ISI(q) between the
former contributions can take negative values. In general
all three terms can be extracted from experimental data
if scattering intensities have been measured at least at
three different scattering length densities of the solvent.
For the triblock terpolymer micelles under consideration
the scattering length density independent term II(q) is
very similar to the middle data set in Fig. 4(a). Moreover,
IS(q) can be considered as the normalized scattering in-
tensity measured at infinite contrast, where the last two
terms in eqn (9) can be neglected. The functional shape
of IS(q) is similar to the upper data set in Fig. 4(a) for
q . 0.1 nm−1.
IV. CONCLUSION
SANS data have been collected for polystyrene-block-
polyethylene-block-poly(methyl methacrylate) triblock
terpolymer micelles in organic solvents. The structure
of these micelles dissolved in protonated tetrahydrofuran
has been elucidated by comparing the experimentally de-
termined scattering intensity to the calculated one for a
patchy cylinder (see Fig. 3(b)). Moreover, the theoreti-
cal analysis revealed that SANS allows one to distinguish
patchy cylinders from Janus cylinders (see Fig. 3(a)).
The combined experimental and theoretical study shows
the presence of alternating polystyrene and poly(methyl
methacrylate) regions in the shell of the patchy, cylindri-
cal triblock terpolymer micelles (see Fig. 2(b)).
It has not been possible to use the polymer refer-
ence integral equation theory for rigid patchy cylinders
to interrogate the scattering data of the triblock ter-
polymer micelles at rather high concentration in vari-
ous mixtures of protonated and deuterated tetrahydro-
furan. The principle reason for this may be that the
amorphous polystyrene and poly(methyl methacrylate)
chains forming the shell of the core-shell micelles require
chain flexibility to be taken into account. However, con-
sistent information was obtained by separating the data
analysis into two portions, analyzing the scattering data
considering noninteracting patchy cylinders (see dashed
lines in Fig. 4(a)) and taking into account intermolecular
correlations from patchy cylinders with an effective shell
radius (see solid lines in Fig. 4(a)). Upon further in-
creasing the micelle concentration the SANS data show,
categorically, the presence of pronounced intermolecular
correlations (see Fig. 4(b)).
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